Three protein kinase activities have been identified in ribosome-free supernatant from rabbit reticulocytes by DEAE-chromatography. Two of the protein kinase activities have similar substrate specificities, but differ in respect to dependency on cAMP for activation. These kinases preferentially phosphorylate histone, and also phosphorylate identical ribosomal proteins. One protein band in the 40S ribosomal subunit and six protein bands in the 60S subunit are phosphorylated, as demonstrated by Na dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiography. The third kinase activity preferentially phosphorylates casein, instead of histone, and can use both donors. This protein kinase activity phosphorylates one protein band in the 40S subunit different from that phosphorylated by the other two kinases and four bands in the 60S subunit, only one of which is coincident with the proteins phosphorylated by the histone-specific activities.
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Phosphorylation of mammalian ribosomal proteins has been shown in vivo in rabbit reticulocytes (1) and rat liver (2) , and in vitro with [,y-32P]ATP and protein kinase from rabbit reticulocytes (3), rat liver (2, 4) , and bovine-adrenal gland (5). Kabat (1, 3) has shown that the same proteins phosphorylated in vivo when inorganic phosphate is administered to a whole animal are phosphorylated in vitro in the reticulocyte lysate with [-y-32P ]ATP. Protein kinase activity is distributed in ribosome-free supernatant, in a 0.5 M KCl wash of the ribosomes, and on 0.5 M-salt-washed ribosomes from rabbit reticulocytes (3, 6, 9) . Dissociation of the ribosomes into subunits in media of high-salt concentration removes the bound protein kinase (4, 5) . As a first step in the investigation of protein phosphorylation in ribosome function and translational control, we have attempted to identify and characterize the protein kinases responsible for the phosphorylation of ribosomal proteins in the reticulocyte system.
The isolation and characterization of multiple forms of both cAMP-dependent and independent protein kinases from various tissues has been described ( Collier (10) . The ribosomes were quantitatively removed from the lysate as described (11) . The high-speed supernatant and ribosomes were stored at -70°.
Enzyme Purification. Preparation of ribosome-free supernatant for DEAE-cellulose column chromatography was similar to that of Tao et al. (9) (11) . 
RESULTS
Isolation and Characterization of the Protein Kinase Activities from Rabbit Reticulocytes with Artificial Substrates. The protein kinases from rabbit reticulocytes were purified by a modification of the procedure of Tao et al. (9) . Three peaks of lrotein kinase activity were observed after DEAE-cellulose chromatography of the 0-50%-saturated (NH4)2SO4 fraction of the ribosome-free supernatant (Fig. 1) Protein kinase activity of each peak was examined with both casein and histone as substrates, in the presence and absence of cAMP. The protein kinase in Peak I preferentially phosphorylated histone rather than casein, and the activity with either substrate was independent of the presence of cAMP (Fig. 2) . The enzymatic activity in Peak II differs from that in Peak I in that it is stimulated 5-fold by 1.4,MM cAMP with the preferred substrate, histone. The casein to histone ratio for both peaks is 0.1 in the presence of cAMP. GTP is not utilized as a phosphate donor with either enzyme.
The third peak of protein kinase activity is unique in several respects: (i) the enzyme is more active with casein as substrate than with histone (casein to histone ratio is 3.0), (ii) both ATP and GTP serve as phosphate donors with casein, whereas histone is phosphorylated only with ATP, and (iii) the histone activity is stimulated 3-fold by cAMIP. Under the conditions of the assay, GTP is about 30% as effective as ATP as a phosphate donor. The phosphorylation of casein with all three kinase fractions is essentially cANMP-independent.
Differential Phosphorylation of Specific Ribosomal Proteins. Each of the three kinase fractions was incubated with either 40S or 60S ribosomal subunits from rabbit reticulocytes and ATP or GTP. The phosphorylated ribosomal proteins were analyzed by acrylamide gel electrophoresis in Na dodecyl sulfate, followed by autoradiography of the dried gel slices. Fig. 3 (Fig. 3) . Peak III catalyzed the transfer of phosphate from both ATP and GTP to a single protein band, with a molecular weight of 50,000. This protein is present on both the 40S and 60S subunits in less than stoichiometric amounts. In the 60S subunit (Fig. 4) ribosomes were reacted with ATP in the presence of cAMP, without the addition of purified protein kinase. Gel. electrophoresis and autoradiography were as described in Fig. 3 .
Each of the ribosonial subunits was phosphorylated with the three enzyme fractions, with both ATP and GTP as donors, in order to determine the reactive amino acids. The products were partially hydrolyzed in HCl and the hydrolysate was subjected to thin-layer electrophoresis in 2.1% formic acid-7.3% acetic acid, pH 1.9. Serine phosphate was the predominant phosphorylated l)roduct in all the reactions (Table 1) . Threonine phosphate was also present in significant amounts.
DISCUSSION
Three protein kinase activities from rabbit reticulocytes have been separated by chromatography on DEAE-cellulose. The individual protein kinase fractions are identified by their substrate specificity with casein, with histone, and with purified 40S and 60S ribosomal subunits. The protein kinases in Peaks I and II have identical activities with each of these substrates. Since Tao et al. (9) have shown that the enzyme activity eluted from DEAE-cellulose at 0.1 M KCl consists (17) , and in the enzymatic phosphorylation of a phosp)hoprotein fraction from calf-thymus nuclei (18) . It may be significant that both ATP and GTP suffice as phosphate donors for the phosphorylation of the ribosomal proteins by Peak III, since GTP is the energy source for protein synthesis and, therefore, must be present in relatively high concentrations in the vicinity of ribosomes.
Eil and Wool (4) have shown that specific proteins in purified ribosomal subunits from rat liver are phosphorylated upon addition of a protein kinase fraction and ATP. Our results show that the ribosomal subunits from rabbit reticulocytes are substrates for two types of protein kinases that phosphorylate different ribosomal proteins in both 40S and 60S subunits. Both of these kinase activities are present on ribosomes washed in buffer of low-salt concentration. The histone-specific activity (Peak I and Peak II) remains bound to 80S ribosomes that have been washed in 0.5 MiI KCl and is removed upon dissociation of these ribosomes into subunits.
Different proteins are phosphorylated in vitro by endogenous protein kinases on unwashed and on washed ribosomes (6) . The structural proteins comprising the ribosome are not phosphorylated to an appreciable extent in vitro in unwashed ribosomes, as compared with the phosphorylation of the proteins of high-salt washed ribosomes. This apparent protection is not due to an inhibitor of the endogenous protein kinase activity (J. A. Traugh, C. D. Ashby, R. R. Traut, and D. A. Walsh, unpublished results). The phosphoproteins of unwashed ribosomes have higher molecular weights, and the majority of these proteins-as well as the Peak III enzymeare removed by the high-salt wash. It appears that the association of the 0.5 M KCl wash fraction with ribosomes blocks phosphorylation of the ribosomal proteins by physically masking the active sites. The effects of phosphorylation of the ribosomal proteins on protein synthesis remains to be determined.
NOTE ADDED IN PROOF
The Peak III protein kinase activity has been separated by phosphocellulose chromatography into two major enzyme fractions. One fraction is specific for basic proteins and is stimulated by cAMP; the other fraction, the dominant activity in Peak III in these studies, phosphorylates acidic proteins, utilizes GTP as well as ATP as a phosphate donor, and is cAMP-independent.
